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After initial vessel injury, factors in the local environ-
ment influence progression of the disease process. A clear
association has been made between many systemic factors
and the severity of atherosclerosis, including hyperlipi-
demia, hypercholesterolemia, tobacco use, and hyperho-
mocyst(e)inemia (hH[e]).9-11 These factors, however, do
not account for all atherosclerotic diseases, and the mech-
anisms that determine the extent and time-course of NH
formation after vessel injury are not known.
Homocysteine (HCY) is an amino acid intermediate
formed from the metabolism of methionine to cysteine,
which is present in free or bound forms in the plasma.
Homocyst(e)ine (H[e]) includes total plasma free HCY,
disulfide HCY, and bound HCY. An association between
increased arteriosclerosis and elevated plasma H(e) levels
was first recognized with the identification of homocystin-
uria, an in-born error in HCY metabolism.12 Patients with
homocystinuria have significantly reduced life spans
because of severe arteriosclerosis and thrombosis.
In the general population, hH(e) is caused by meta-
bolic defects, dietary deficiencies (ie, folate, vitamin B6,
and vitamin B12), and renal failure and, in most patients,
can be treated with dietary supplementation with folate,
vitamin B6, and vitamin B12.13-15 Multiple centers have
documented an association between hH(e) and severity of
atherosclerosis. hH(e) has been associated with an
increased number of strokes,16,17 coronary artery dis-
ease,18,19 solid organ transplant vasculopathy,20,21 and
peripheral arterial occlusive disease.22,23 Venous intimal
hyperplasia has been found in patients with elevated plasma
H(e) levels.24 Additionally, hH(e) has been associated with
more rapid progression of coronary artery disease, cere-
Neointima formation occurs in all vessels in response
to injury. Progressive neointimal hyperplasia (NH) and
smooth muscle cell proliferation can contribute to ather-
osclerosis and ultimately result in vessel occlusion.1 In
addition to traumatic, radiation, and chemical-induced
(ie, nicotine, hyperlipidemia, hyperglycemia) vessel
injury, arterial reconstruction, including bypass grafts,
angioplasty, and stent placement, results in injury to the
vessel. Subsequent NH formation can frequently compli-
cate vascular surgery and angioplasty, contributing to a
carotid endarterectomy restenosis rate of 10% at 6
months and 20% at 7 years,2,3 a coronary artery angio-
plasty restenosis rate of 30% at 6 months,4 a 25% to 35%
rate of infrainguinal bypass graft occlusion at 5 years,5,6
and a 60% to 70% rate of hemodialysis access graft occlu-
sion at 1 year.7,8
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Purpose: Hyperhomocyst(e)inemia (hH[e]) is a risk factor for atherosclerosis. Neointimal hyperplasia (NH) after vessel
injury can contribute to atherosclerosis. In this study, we investigated the effects of hH(e) on NH formation after arte-
rial balloon injury in rats.
Methods: Lewis rats that were given a hH(e)-inducing (high methionine, low folate) or normal diet for 150 days under-
went common carotid artery (CCA) balloon injury. Two and 4 weeks after injury, CCAs were formalin perfusion-fixed,
sectioned, and stained for elastin. Neointimal index (NI, percent lumen occlusion) and neointima (N) and media (M)
area were measured by using computer-interfaced microscopy. 
Results: Plasma homocyst(e)ine (H[e]) levels were elevated in rats given the study diet compared with rats given the
normal diet at days 40 and 90 (69 ± 8 and 73 ± 9 µmol/L vs 4 ± 0.4 and 4 ± 0.6 µmol/L, P < .001). After balloon
injury, the CCA NI and N/M ratio, but not the M area, were increased by hH(e) compared with normal plasma H(e)
(2 weeks [n = 6,7]: NI = 7.3 ± 1.7 vs 2.9 ± 0.7, P = .002, and N/M = 0.31 ± 0.08 vs 0.08 ± 0.02, P < .001; 4 weeks
[n = 4,7]: NI = 13.1 ± 2.2 vs 6.3 ± 1.3, P = .002, and N/M = 0.36 ± 0.08 vs 0.17 ± 0.03, P < .001). 
Conclusion: hH(e) accelerates NH in a rat CCA balloon-injury model. The effect of hH(e) on NH may contribute to
increased atherosclerosis in humans with hH(e). (J Vasc Surg 2002;35:158-65.)
brovascular disease, and lower-extremity arterial occlusive
disease and death.25
There are many proposed mechanisms through which
H(e) can alter vascular pathology, some of which include
direct toxicity to the vascular endothelium,26 altered coag-
ulation,27 increased smooth muscle proliferation,28,29 and
impaired vasoreactivity.30 The extent to which these
effects, in addition to a number of other proposed mech-
anisms of hH(e), are involved in the development of ath-
erosclerosis are topics of ongoing research.
The factors involved in NH formation after vessel
injury remain unclear, and the role of hH(e) in this process
has not been well studied. The rat carotid artery balloon-
injury model has been used extensively by other investiga-
tors to study atherosclerosis manifested by injury-induced
NH. The histologic changes seen in this model mimic
those seen in human patients. In this study, we used the
rat carotid artery balloon-injury model to investigate the
effects of hH(e) on injury-induced NH. 
METHODS
Animals and study diet. Adult, male Lewis rats
(200-250 g; Charles River, St Louis, Mo) were housed at
an animal care facility approved by the American
Association for Accreditation of Laboratory Animal Care,
maintained on a 12-hour light/dark cycle, and fed com-
mercially available rodent chow (normal diet) or an
hH(e)-inducing diet (study diet) and water ad libidum.
The study diet was deficient in folate and choline and was
methionine supplemented (#TD 98272, Harlan Teklad,
Madison, Wis). All animals received humane care in com-
pliance with the “Principles of Laboratory Animal Care”
(National Society for Medical Research) and the Guide for
the Care and Use of Laboratory Animals (NIH
Publication 86-23, revised 1985). The animal protocol for
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this study was approved by the Institutional Animal Care
Use Committee at Oregon Health Sciences University.
H(e) levels. Plasma H(e) levels were obtained by
means of tail bleeding at days 0 (baseline, pre-study diet),
14, 40, and 90, at the time of balloon injury (150 days),
and at the study end point (164 or 178 days). In brief, 1.0
mL of blood was collected into tubes containing 50 µL of
ethylenediamine tetraacetic acid, and after centrifugation at
4°C for 10 minutes at 3500 rpm, the plasma was removed
and stored at –20°C until the time of the analysis with high
performance liquid chromatography (Oregon Regional
Primate Research Center, Portland, Ore) in the method
described by Malinow et al.22
Carotid artery balloon injury. Carotid artery injury
was performed by using a modification of the balloon-
injury technique of Clowes et al.31 Rats were anesthetized
with a mixture of Ketamine (50 mg/mL), Xylazine (3
mg/mL), and Acepromazine (1 mg/mL) in sterile water
(0.001 mL/kg, intramuscular). A midline neck incision
was made, and the bifurcation of the right internal carotid
artery (ICA) and external carotid artery (ECA) was
exposed. The ECA was ligated distal to the bifurcation,
and the ICA and proximal common carotid arteries (CCA)
were occluded with atraumatic vascular clamps. A 2F
embolectomy catheter (Applied Medical Resources,
Laguna Hills, Calif) was inserted into the CCA via an arte-
riotomy in the ECA, inflated for three successive 1-second
intervals, then removed in the deflated state to prevent inti-
mal stripping. Inflation was performed with direct vision
without repositioning of the catheter. Balloon volume was
precisely controlled. The ECA was then ligated proximal 
to the arteriotomy. The vascular clamps were removed, 
and patency of the CCA was confirmed. The left ICA,
ECA, and CCA were then exposed to control for the sur-
gical manipulation. The neck incision was closed with a
Fig 1. Mean plasma homocysteine (He) levels are shown in rats on a normal or hyperhomocysteinemia
(hHe)-inducing diet (Study Diet), which was started on day 0 (baseline) and continued throughout the
study. The study diet produced significant hHe compared with the normal diet at all time-points after
baseline (P < .001).
running absorbable suture. The rats recovered from anes-
thesia  and were allowed free access to food and water.
Nalbuphine (1-2 mg/kg intramuscular) was given as post-
operative analgesia.
Morphometric vessel analysis. Animals were killed 2
and 4 weeks after CCA balloon-injury (2 weeks: normal diet
n = 7, study diet n = 6; 4 weeks: normal diet n = 7, study diet
n = 4 [n = number of animals]). The right and left CCAs
were perfusion-fixed in situ with 4% buffered formalin at a
constant, nonpulsatile pressure of 100 mm Hg, then placed
in 10% buffered formalin for 24 hours. Vessels were embed-
ded in paraffin and sectioned (5 mm) at 30-mm intervals.
Cross-sections were stained with iron-hematoxylin stain for
elastic fibers. The degree of NH formation was measured by
using a computerized morphometric analysis system that
consisted of a Zeiss microscope coupled to a camera that was
interfaced with a computer. The perimeter of the neointima,
internal elastic lamina (IEL), and outer border of the media
(external elastic lamina, EEL) were traced on a computer
screen. The area of the lumen, neointima (area between the
lumen and IEL), and media (area between the IEL and the
EEL) were then used to calculate NH.31 Vessel size was
defined as the area enclosed by the EEL. Change in vessel
and media size was calculated as injured-uninjured vessel and
media areas, respectively. The extent of neointimal formation
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(NH) was reported with these parameters: neointimal index
(NI = [neointima area/lumen + neointima area] × 100) and
neointima/media area ratio (N/M). For each vessel, mea-
surements were performed in three consecutive adjacent 5-
µmm cross-sections taken from the site of maximal neointima
thickness, which was determined by means of linear mea-
surement of the neointima of the CCA sections with a com-
puter screen coupled to the microscope. The morphometric
vessel analyses were performed in a blinded fashion.
Statistical analysis. Statistical analyses were per-
formed with SigmaStat software for Windows version 2.03
(SPSS, Chicago, Ill). Data were analyzed by using analysis
of variance (ANOVA). The ANOVA assumptions of the
data were verified, and when not met, the analysis was
made on the basis of ranks. The relationship between
lumen size and neointimal area was assessed by using a
multiple regression analysis of lumen size on neointimal
area, adjusted for diet and time. All results were expressed
as the mean plus or minus the SEM, and statistical signif-
icance was set at a P value less than .05.
RESULTS
H(e) levels. The study diet produced significant
hH(e) compared with the normal diet at all time-points
Fig 2. The was no difference between the mean vessel size of uninjured common carotid arteries (CCAs)
from rats with elevated plasma homocysteine (He) levels (Study Diet) and uninjured arteries from rats with
normal plasma He levels (Normal Diet) at either 2 or 4 weeks after injury (P = not significant). The mean
vessel size of injured CCAs was larger in the rats on the study diet than injured CCAs in the rats on the
normal diet at both 2 and 4 weeks after injury (P = .003).
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after baseline (P < 0.001; Fig 1). Plasma H(e) had an
increasing trend with time on the study diet.
Uninjured vessels. There was no difference between
the mean vessel size of uninjured arteries from rats with
elevated plasma H(e) levels and that of uninjured arteries
from rats with normal plasma H(e) levels at either 2 or 4
weeks after injury (Fig 2). Uninjured CCAs from rats on
the study diet and rats on the normal diet that underwent
a sham operation did not develop NH (Fig 4A and B).
Injured vessels
Vessel size. The mean vessel size of injured CCAs was
larger in the rats on the study diet than that of injured
CCAs in the rats on a normal diet at both 2 and 4 weeks
after injury (Fig 2). Injured CCAs in rats on the study diet
had significant size increases compared with the baseline
uninjured CCA from the same rat, whereas the injured
CCAs in rats on the normal diet were not significantly dif-
ferent from animal-matched baseline uninjured CCAs (2
weeks: mean change in size, 0.19 ± 0.06 mm2 vs 0.01 ±
Fig 3. Neointima and media area are shown at 2 and 4 weeks after common carotid artery (CCA) bal-
loon injury in rats with normal (Normal Diet, n = 7,7) and elevated plasma homocysteine levels (Study
Diet, n = 6,4). A, After CCA injury, neointima area increased with time in both the normal and study diet
groups and was significantly higher at both time-points in the study diet group (P < .001). B, Media area
remained unchanged with time in both the normal and study diet groups (P = not significant) and was
not increased by the study diet compared with the normal diet (P = not significant).
A
B
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0.11 mm2, P = .01, ANOVA; 4 weeks: mean change in
size, 0.32 ± 0.12 mm2 vs 0.04 ± 0.06 mm2, P = .01,
ANOVA). The mean size of the lumen of injured CCAs
was larger in the rats on the study diet than the mean size
of injured CCAs in the rats on the normal diet at both 2
and 4 weeks after injury (2 weeks: mean lumen size, 0.41
± 0.04 mm2 vs 0.25 ± 0.04 mm2, P = .003, ANOVA; 4
weeks: mean lumen size, 0.43 ± 0.05 mm2 vs 0.29 ± 0.04
mm2, P = .003, ANOVA). Lumen area was not related to
neointimal area in either the rats on the normal diet or rats
on the study diet at any time-point (P = .67 [not signifi-
cant], R2 = 0.246, multiple linear regression).
Neointima formation. In balloon-injured CCAs,
neointimal area increased from 2 weeks to 4 weeks in both
the normal diet group and the study diet group (Fig 3A).
The neointimal area was significantly higher in the study
diet group than the normal diet group at each time-point
(Fig 3A). In contrast, the media area was not affected by
time or plasma H(e) after balloon injury (Fig 3B). After
CCA balloon-injury, NI (Fig 4A) and N/M ratio (Fig 4B)
were significantly increased in rats with hH(e) (study diet)
compared with control rats (normal diet) at 2 and 4 weeks.
DISCUSSION
Wilcken and Wilcken first described elevated plasma
H(e) after methionine loading in patients with coronary
artery disease compared with patients who were treated
similarly but did not have coronary artery disease.32 Since
then, the association between hH(e) and arterial occlusive
disease in humans has been well established through many
additional clinical studies.11,16-25 Despite these associa-
tions, a causal role has not been shown.
Animal studies have attempted to define a cause-and-
effect relationship by using dietary modification to induce
hH(e). Pellegrin and Fau demonstrated media thickening
and luminal granular material accumulation, without true
intimal hyperplasia, in aortas and renal and iliac arteries of
rats with 12 months of dietary methionine supplementa-
tion.33 In a subsequent experiment by Southern et al, a
four-fold increase in NH formation was demonstrated
after carotid endarterectomy in rats with hH(e) induced
by means of 2 weeks of Dextro/Levo-homocysteine sup-
plementation and complete absence of folate.34
In this animal study, we used a chronic diet supple-
mented with methionine and with a mild folate deficiency
to cause elevated plasma H(e) so we could study the effects
of hH(e) on NH formation after CCA injury. This diet con-
sistently induced hH(e) in the range of 50 to 100 µmol/L
(normal level, 3-5 µmol/L) as early as 2 weeks after initia-
tion of the diet. In this study, the plasma H(e) levels in rats
were higher than those seen in the general population with
atherosclerosis and hH(e) (15-30 µmol/L).11,25 In
humans, higher plasma H(e) levels (similar to those in our
rodent model) are associated with arteriosclerosis, as seen in
cardiac transplant recipients in whom graft vasculopathy
develops20,21 and in patients with homocystinuria.12 Thus,
our model may not reflect the entire range of hH(e) seen in
humans, but represents the more severe cases of hH(e).
Although the effects of severely elevated plasma H(e) on
NH after arterial injury in our study may not be compara-
ble with that in patients with only a modest plasma H(e)
elevation; this degree of hH(e) has allowed us to establish a
reliable model to investigate the cause and effect of hH(e)
on NH after arterial injury in the Lewis rat. It is not possi-
ble to determine the contribution that folate deficiency may
have independent of the effects of hH(e) in our model. To
clarify the contribution of folate deficiency, we are currently
investigating arterial balloon injury in rats given a methion-
ine-supplemented, normal-folate diet. Nonetheless, folate
deficiency is commonly seen with hH(e) in patients with
vascular disease,35,36 thus our model with a diet that pro-
duces concomitant folate deficiency and hH(e) in rats mim-
ics conditions often found in humans.
The size of the fixed CCA is largely dependent on per-
fusion pressure, which was identical in all groups, and on
resting vasomotor tone. The injured CCAs were larger in
the study diet group than those in the normal diet group
in age- and weight-matched animals, without a similar
increase in media area. This change in vessel size was inde-
pendent of neointimal area; thus it does not appear to be
a compensatory lumen-preserving response by the vessels
in the presence of larger neointimal lesions, but rather an
independent effect of the hH(e) diet. Impaired vasoreac-
tivity to adrenergic and cholinergic stimuli has been
demonstrated in both human and primate vessels exposed
to hH(e).30,37,38 Additionally, balloon injury, specifically
in the rat carotid artery, has been shown to impair adren-
ergic-induced contraction and endothelium-dependent
vasodilation.39 Our findings of vessel-size discrepancy
between animals on the study diet and animals on the con-
trol diet could be caused, in part, to enhanced vasodilation
induced by hH(e) in conjunction with that induced by
arterial balloon injury.
The well-studied rat CCA balloon-injury model is an
excellent tool for investigating factors influencing the for-
mation of NH. The degree of NH formation produced
with our technique of balloon injury is similar to that
found by other authors.31,40 The balloon-injury technique
varies and can include high-pressure balloon expansion and
intimal stripping to create a large injury effect, and NH for-
mation has been shown to increase proportionally with
these more aggressive techniques.41 We chose to create a
standardized injury on the basis of monitoring catheter
inflation volume. It is possible that the pressure/volume
relationship was not constant. Additionally, balloon
catheters do not always inflate equally in 360°. These fac-
tors can introduce additional injury variability. We also
chose a minimal injury model without intimal stripping in
an attempt to approximate de novo arterial injury. In our
injury model, we performed stationary inflation of a bal-
loon catheter, producing a limited area of injury compared
with either performing a CCA endarterectomy34 or pulling
an inflated balloon catheter through the CCA.31 These
other models, in contrast to our injury model, denude the
entire CCA endothelial surface. The time of peak NH for-
mation in the rat CCA balloon-injury model has been
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reported to be anywhere from 2 to 8 weeks.31,40 In our
study, the development of NH after CCA balloon-injury
increased from 2 to 4 weeks, without evidence of plateau.
This indicates that the progression of NH formation after
vessel injury continues at least as long as 4 weeks; however,
additional time-points would be necessary to demonstrate
peak NH formation in our model.
Consistent with the findings of other authors, our data
did not show changes in media size with hH(e).31,40,41 In
vitro studies have demonstrated increased smooth muscle
cell (SMC) proliferation induced by H(e).29,30 The lack of
media hypertrophy in our study may seem contradictory
to the finding of SMC proliferation in in vitro studies. It
is possible that the NH increased by hH(e) in our model
represents SMC proliferation that is restricted to those
SMCs that have migrated after injury into the neointimal
space; however, there is no data in this study to support or
negate this speculation.
NH was significantly increased at 2 and 4 weeks after
CCA balloon injury in rats with elevated plasma H(e)
compared with rats with normal plasma H(e) levels. The
mean CCA area in the rats on the study diet was 1.5 times
larger than the mean CCA area in rats on the normal diet;
however, the N/M ratio normalizes the lesion for vessel
Fig 4. Neointimal hyperplasia was increased in common carotid arteries (CCAs) after balloon injury in
rats on a hyperhomocysteinemia-inducing diet (Study Diet) compared with a normal diet at 2 and 4 weeks,
as measured by means of neointimal index (P = .002; A) and neointima-to-media ratio (P < .001; B).
Uninjured arteries on both diets did not develop neointimal hyperplasia, therefore their respective neoin-
timal indices and neointimal-to-media ratios are zero (A and B).
A
B
size. The N/M ratio was 2-fold larger at 2 weeks and 1.5-
fold larger at 4 weeks in CCAs from the rats on the study
diet than in CCAs of the rats on the normal diet. NI, rep-
resenting percent vessel occlusion, was also increased after
injury in the rats on the study diet when compared with
that in rats on the normal diet. CCA NI was 2.5-fold
larger at 2 weeks and 1.7-fold larger at 4 weeks. The rela-
tive increase in NH induced by hH(e) decreased with time
despite an increase in the absolute severity of the lesions.
hH(e) may accelerate the time-course without increasing
the severity of NH formation. Further study with
extended time-points would be necessary to determine
whether hH(e) increases the peak NH development after
vessel injury and accelerates the time at which this occurs.
The mechanisms by which hH(e) may cause increased
atherosclerosis are not well understood. In these experi-
ments, NH formation and subsequent vessel narrowing
after arterial balloon-injury was significantly increased in
animals with elevated plasma H(e) on a methionine-sup-
plemented and mildly folate-deficient diet. Although the
rat carotid artery injury model mimics the formation of
NH in humans, there may be limitations in generalizing
our findings to humans. Our data support a role for hH(e)
in NH after vessel injury, which may contribute to ather-
osclerosis in humans with hH(e).
Statistical analysis was performed by Gary J. Sexton,
PhD, General Clinical Research Center Biostatistician.
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